For the majority of the Early Caenozoic, a remarkable expanse of humid, mesothermal to temperate forests spread across Northern Polar regions that now contain specialized plant and animal communities adapted to life in extreme environments. Little is known on the taxonomic diversity of Arctic floras during greenhouse periods of the Caenozoic. We show for the first time that plant richness in the globally warm Early Eocene (approx. 55 -52 Myr) in the Canadian High Arctic (768 N) is comparable with that approximately 3500 km further south at mid-latitudes in the US western interior (44 -478 N). Arctic Eocene pollen floras are most comparable in richness with today's forests in the southeastern United States, some 5000 km further south of the Arctic. Nearly half of the Eocene, Arctic plant taxa are endemic and the richness of pollen floras implies significant patchiness to the vegetation type and clear regional richness of angiosperms. The reduced latitudinal diversity gradient in Early Eocene North American plant species demonstrates that extreme photoperiod in the Arctic did not limit taxonomic diversity of plants.
INTRODUCTION
For most of the Early Caenozoic Era, a remarkable expanse of humid, warm-temperate to temperate forests spread across Northern Polar regions [1] [2] [3] [4] [5] [6] . During this time, the High Arctic experienced mild, equable, nonfreezing temperatures [3] [4] [5] [6] . Oxygen isotope ratios of mammal teeth and fish scales (d 18 O) and fossil plants suggest an Early Eocene mean annual temperature ranging from 8 to 158C [7 -9] . Warm month mean temperatures probably reached 19 -208C or higher, and winter temperatures were above freezing [6, 8, 9] . Long-standing evidence for a warm Arctic climate was first indicated by the Eocene fauna on Ellesmere Island (Nunavut, Arctic Canada) that included alligators, a varanid lizard, boid snakes, giant tortoises, tapirs and primates [10] [11] [12] [13] [14] . The physiological stresses placed on plants growing in warm polar latitudes are unique-these plants, even in greenhouse conditions of the past, tolerated the same extreme photoperiod that exists currently above the Arctic Circle [15] because the fossil-bearing strata in the High Arctic were just a couple of degrees further south than their present-day latitude [16, 17] . Many of these polar plants were deciduous [3, 4] and dormant during the dark winter months, but physiologically active during the low-intensity 24 h summer light regime [15, 18] . Estimated biomass and annual net primary productivity of Metasequoia (dawn redwood) indicate that these forests were comparable with modern old-growth forests of the Pacific northwest, USA [19] . The fossil floras of the Arctic region have received considerable attention, but quantification of the taxonomic richness of the floras growing under greenhouse climates during the Caenozoic is lacking. For the first time, we quantify plant species richness in the High Arctic during the globally warm Early Eocene Epoch (approx. 54 -52 Myr) using palynological data (pollen and spores) from Stenkul Fiord (figure 1) on southern Ellesmere Island, Nunavut, Canada. Fossils found at Stenkul Fiord (ca 778 N; 838 W) include mammals and reptiles [11, 20, 21] , tree stumps and leaves [2] and pollen [22] . The sediments are mapped as the Late Palaeocene -Early Eocene Margaret Formation [23] (¼Iceberg Bay Formation [22] ), a division of the Eureka Sound Group [22, 23] , with Eocene sediments cropping out on the southwestern side of the fiord. The coal, sand and silt are part of an ancient swamp, floodplain and upper deltaic mosaic that includes palaeosols, channels and channel fill deposits. These strata at Stenkul Fiord are an exemplar for understanding the Early Eocene fauna and flora of the High Arctic.
MATERIAL AND METHODS
Fieldwork at Stenkul Fiord made by subsets of the authors over three decades has resulted in a collection of fossils tied to stratigraphic sections identified principally by clearly defined white sand marker beds (figures 1 and 2). The stratigraphic sections that are used here overlap and are designated M and P sections. Palynological samples from Stenkul Fiord were collected from the coals and provide vegetation information from the predominantly local to regional area. Vertebrate collections map directly into these measured sections from surrounding channels and floodplain environments, and we use vertebrate biostratigraphy to constrain the age of the sediments.
Thirty-seven pollen samples were processed as detailed by Harrington et al. [24] and raw count data are presented in the electronic supplementary material. Palynological data from the Early Eocene for comparison with Stenkul Fiord were taken from multiple sources including published monographs. Samples from the Bighorn Basin, Powder River Basin (both Wyoming) and Williston Basin (North Dakota) are from published accounts [24] [25] [26] [27] and represent relative abundance count data for the US western interior. Other datasets from the Arctic, North America and Europe (electronic supplementary material) are all dated to the Early Eocene [24] [25] [26] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . In most cases, the dating is just to the Early Eocene based on bio-and lithostratigraphy. Comparisons with Asian pollen floras are problematic and the available floras documented in the literature are not strongly representative of European or American records with the exception of cosmopolitan families that are common throughout the holarctic region [42, 43] . Because the published data sources represent the taxonomy of multiple palynologists, the taxa lists were standardized to one another before data analysis took place. All data sources had photographic plates that allowed comparison between form-genera and form-species. Presence in a particular area was scored as '1' and absence as '0'. In some cases where there is reasonable evidence that a taxon should be present in a dataset but was lacking, presence was scored as '?'. Taxa were only scored as '?' where a close region (or regions) contained a taxon but it was missing from the target locality.
In an attempt to contextualize the richness of the Eocene datasets in terms of modern vegetation types, North American pollen data from 46 Late Holocene (less than 3000 Ka) localities were selected from the North American Pollen Database (http://www.ncdc.noaa.gov/paleo/napd.html; electronic supplementary material, figure S1 and table S1). Localities were chosen following the criteria described by Harrington [44] . These pollen records predominantly represent regional pollen floras. The classification and geographical boundaries of the modern vegetation types are taken from Jackson & Overpeck [45] .
Relative abundance data were used from Stenkul Fiord, the western interior (Bighorn, Powder River and Williston basins) and from the Holocene vegetation types to determine species accumulation curves (SACs). Within-sample rarefaction was run using relative abundance data. The Bray-Curtis similarity metric was run on the Palaeogene datasets and bootstrapped confidence intervals were calculated through 1000 reiterations of the dataset. In order to demonstrate the distance decay between Palaeogene floras, the distance in kilometres between each locality was obtained. To compensate for the widening of the North Atlantic over the past 53 Myr, the distance that North America and Europe have drifted from one another was estimated using the average spreading rate of the North Atlantic [46] . As a rough estimate, the European and North American localities were approximately 1000 km nearer to one another than their modern distribution. Distance decay in composition between floras was revealed using the Bray -Curtis metric.
RESULTS (a) Age model
We assign ages to the measured sections at Stenkul Fiord primarily based on composition of the vertebrate fauna, including Perissodactyla, Creodonta, turtles and less significantly, alligators. Taxa from the Early Eocene (Wasatchian, North American Land Mammal 'Age') are known from the westernmost sections that are correlative with the P-section on the southern shore of Stenkul Fiord. Fossils include the turtle Echmatemys, one of the most common turtles in the North American Eocene appearing in mid-latitudes at the Palaeocene-Eocene boundary, the large tortoise Hadrianus that first appeared at midlatitudes in the Middle Wasatchian (Wa3), and a turtle belonging to Emydidae, a family that appeared in midlatitude North America in the Early Wasatchian (Wa1) [47] . The Echmatemys fossils are inseparable from Echmatemys testudinea, the earliest known species of this genus (ranging from Wa0 to Wa5). The turtles from Stenkul Fiord suggest a Middle Wasatchian (Graybullian; approx. 53 -54.5 Ma [48] ) age that is consistent with the occurrence of the perissodactyl Homogalax, which first appeared at mid-latitudes in Graybullian time [49] , but survived into Late Wasatchian time in the Bighorn Basin, Wyoming [50] . East of the P-section but still along the southern shore of Stenkul Fiord, fossils of an emydid turtle are known from the 'White sand' level in (figure 2). Stratigraphically higher, at least two perissodactyl taxa and a partial skull of Coryphodon have been recovered. Perissodactyls first appeared in North America at the onset of the Eocene [51] . The creodont Palaeonictis found within the Stenkul sections has a range in the US western interior from Late Palaeocene to Wa-4 or Wa-5 in the Early Eocene [52, 53] . A zircon recovered from volcanic ash located at the base of the stratigraphic sections on the southern shore of Stenkul Fiord yields a preliminary date by sensitive high resolution ion microprobe (SHRIMP) analysis of 52.6 + 1.9 Ma [54] that is clearly Eocene. Pollen assemblages have been dated by planktonic dinocysts in other parts of the Arctic, and pollen floras from the sections at Stenkul are consistent with an Early Eocene age (NP10-NP11), based on the composition and presence of some taxa that are also shared with northern Alaska [28] . While the available data cannot discount the possibility that the Stenkul Fiord sections capture the early part of the Early Eocene climatic optimum (EECO), vertebrate fossils and pollen assemblages suggest an Early Eocene age after the Palaeocene-Eocene boundary but before the EECO.
(b) Floral composition
The megaflora contains long-ranging, predominantly gymnosperm taxa in the coal-forming environments. These include Glyptostrobus (swamp cypress), Metasequoia (dawn redwood) and a yet undescribed species of Picea (spruce) but angiosperms, such as Cercidiphyllum (katsura tree) and Nordenskioldia, are also encountered. The megaflora from Stenkul Fiord is typical for the Early Eocene in the Arctic [2] . Although angiosperm leaves are more common in the mudstone-siltstone and indurated sandstone layers between the coal seams [2] , these facies are frost-shattered and intact leaves are generally not preserved. In contrast to the low-diversity megaflora, pollen samples collected from coals contain 86 morphotypes from 37 different samples. Taxodiaceous pollen accounts for 48 per cent of all grains and the remaining most abundant morphotypes are predominantly wind-pollinated and spore-producing groups, such as Betulaceae-Myricaceae (birch/bayberry), Pinaceae (pines), Juglandaceae (hickory), Ulmaceae (elm) and pteridophytes (ferns; electronic supplementary material, figure S2 ). Systematic affinities of the pollen indicate the presence of families that are typically found growing in the present-day eastern United States, such as Nyssaceae (dogwoods), Fagaceae (beeches), Myricaceae and Betulaceae, together with Anacardiaceae (cashews) and Icacinaceae. Palynomorph groups include pteridophytes (n ¼ 13), gymnosperms (n ¼ 3) monocots (n ¼ 8), eudicot angiosperms (n ¼ 58) and the extinct Normapolles group (n ¼ 4). The pollen floras indicate presence of evergreen taxa, including Pinus (pines) and Picea (spruce) as well as putative palm pollen (e.g. Monocolpopollenites reticulatus).
The pollen floras contain notable Arctic Eocene taxa (electronic supplementary material, figure S3 ) such as Carya (hickory) that are similar to modern species, several different types of Intratriporopollenites that are related to Bombacaceae, Sterculiaceae or Tiliaceae (cottonwood, Early Eocene Arctic plant diversity G. J. Harrington et al. 1517 cocoa and lindens), Ailanthipites fluens (tree-of-heaven), Aesculiidites sp. B (?Anacardiaceae), Mediocolpopollis sp. and Diervilla (Bush honeysuckle). The estimated richness of Arctic megafloras during the Late Palaeocene-Early Eocene is approximately 28-30 species [3] , but these numbers are based only on inventories of megafossils. Such a discrepancy between richness in pollen floras and megafloras, however, is not unique because the same pattern is observed in well-sampled regions, such as the Bighorn Basin, Wyoming that records less than 40 megafossil morphotypes in the Early Eocene [55] but more than 80 pollen and spore morphotypes [25] . The presence of so many morphologically distinctive sporomorphs in the Arctic, and especially numbers of angiosperms that belong to groups not recorded in the megaflora still indicates some significant spatial heterogeneity of the vegetation over the ancient landscape.
(c) Floral richness When the pollen samples from Stenkul Fiord are pooled, they have a SAC that rises steeply with increased sampling effort (figure 3). The SAC for the Stenkul Fiord samples is comparable with that of pooled pollen samples from localities of similar age from the US western interior collected from the Early Eocene and, with the exception of one sample from the Bighorn Basin, from before the EECO. These demonstrate a much reduced latitudinal gradient in plant richness during the Early Eocene. When these results are compared with Late Holocene pollen samples, collected from modern vegetation types in North America (figure 3), they indicate that the Early Eocene sections demonstrate greatest similarity of species accumulation with modern US southeastern forests that extend from Florida to Virginia [45] than with any other vegetation type. If 291 pollen and spore grains are counted from each sample from Stenkul Fiord, then a mean alpha (a) within-sample richness of 19 taxa would be expected. Late Holocene pollen samples from the southeastern United States also expect a mean richness of 19 taxa within-sample for the same sampling intensity.
(d) Comparisons with other regions Surprisingly, an estimated 46 per cent of the morphotypes found in the Early Eocene Arctic flora at Stenkul Fiord are not found in correlative strata from North America, Asia or Europe. They also never appear in these or other regions later in the Caenozoic. Either the Arctic region is a source of some evolutionary novelty, or it recruited plants from eastern Siberia, where pollen data are lacking, rather than from North America or Europe. Statistical analyses of the floral composition from different regions in North America and Europe demonstrate that Arctic floras are taxonomically unique ( figure 4a,b) . The Bray-Curtis metric indicates the greatest differences occur between the Arctic floras and those from the rest of North America and Europe (figure 4a). There is strong spatial auto-correlation between floras because sampling localities are more dissimilar compositionally to one another the further apart they lie (figure 4c). All Arctic sites are therefore most similar to one another and results from Stenkul are not an anomaly. This geographical pattern is statistically significant up to 6000 km apart using permutation (r s ¼ 0.79, p , 0.001).
CONCLUSIONS
The pollen flora from Stenkul Fiord demonstrates that Early Eocene High Arctic ecosystems on Ellesmere Island contained floras with similarly high richness to modern southeastern forests of the United States. As many taxa are angiosperms, and this group has a strong modifying impact on climate [56, 57] , the heterogeneous ancient Arctic vegetation type may have had a significant impact on regional hydrology and climate of the High Arctic during the Early Eocene. Angiosperms, if more abundant than thought previously, may be key to understanding the warm Arctic climates because the maintenance of such conditions are still unclear [6, 58] . Pollen data confirm observations on fossil insects and plants from high latitudes in the Early Eocene that show significant variance in the latitudinal gradient in species richness compared with the modern pattern [59, 60] . Significantly, the Arctic floral records demonstrate that photoperiod is not a significant obstacle to capping biodiversity in the Arctic, and that richness can approximate that in present-day mid-latitudes. Hence, model predictions of future global warming scenarios that indicate the expansion of temperate vegetation to higher latitudes [58, 61] Early Eocene Arctic plant diversity G. J. Harrington et al. 1519 
